INTRODUCTION

GOUNDING SYSTEMS
Distribution primary circuits typically have one of the following wire configurations: three-wire ungrounded, threewire unigrounded, four-wire unigrounded neutral system or four-wire multigrounded neutral system. The ungrounded circuit historically has been selected for those systems where service continuity is of primary concern. One of the issues with an ungrounded system is transient overvoltages due to restriking or intermittent ground faults. These type of faults can and do develop substantial overvoltages on ungrounded electrical systems with respect to ground. There have been many documented cases of measured line-to-ground voltages of 3 pu or higher resulting in equipment damage. In all instances, the cause has been traced to a low-level intermittent arcing ground fault on an ungrounded system. One possible solution is to convert the ungrounded system to a high resistance grounded system by deriving a neutral point through grounding transformers. [1] [2]
Ungrounded systems
An ungrounded feeder in a power system might look like Fig.  1 . The source would be a distribution substation transformer with an ungrounded delta or wye secondary. Three-phase loads would also be ungrounded delta or wye connected. Single-phase loads would be connected phase to phase. The transformers and feeder conductors will contain distributed capacitances, which form the unintentional grounding system (Fig. 2) . In the transformer, these are mostly from windings to the grounded core. In cables, these are mostly from phase conductors to grounded shields. In overhead lines, these are both phase to phase and phase to ground. The sequence network derived from this feeder configuration results in the distributed capacitances being shunted across the positive, negative and zero-sequence networks, as shown in Fig. 3 . The capacitances have little effect on the positive and negative sequence networks, as they are shunted by the source and transformer inductance. However, capacitance is the dominant component of the zero-sequence network, as the zero-sequence capacitive reactance is usually much larger than the conductor impedance. 
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where a = 1 ∠120°. Thus, the voltage from the faulted phase A to ground will be zero, while the other two phases will have their voltage to ground increased by √3. This is the magnitude of overvoltages that were reported in the 4.8 kV systems. In order to prevent failures due to overvoltages, all equipment in ungrounded systems should be rated for full line-to-line voltage, not line to neutral. The presence of a resistance in parallel with the distributed capacitance to ground will reduce these overvoltages. Transient overvoltages caused by multiple restrikes can be mitigated by rapid detection and clearing of ground faults, the use of higher insulation levels, or by converting to a grounded system.
Overvoltages caused by ferroresonance. Ferroresonance results in distinctive oscillations that can be detected and recorded by a transient recorder or power quality monitoring system. Monitoring systems may be put in place to verify whether ferroresonance is occurring. These should include oscillographic recordings of voltage transients, and the timing of switching events.
HIGH RESISTANCE GROUNDING
Grounding banks
The high-resistance grounding bank consists of three singlephase transformers, such as distribution transformers, with a wye-grounded primary and broken delta secondary across which a resistor is placed (Figs. 6 and 7) . The function of the grounding bank is to add a resistance across the distributed zero-sequence capacitance. The value of the grounding resistance is usually made equal to the system charging reactance. The resulting single phase to ground fault current is 1.4 times the system charging current. Typical fault currents are in the range of 1 to 10 A. The grounding resistor will limit system overvoltages due to multiple restrike. For example, Fig. 8 shows the restrike simulation of the previous example with high-resistance grounding equal to the system capacitive reactance. The rationale for choosing the resistance to equal the charging capacitance is shown in Figs. 9 and 10. These are plotted for a 5.04 kV (2.9 kV phase to ground) system with 3.48 µF charging capacitance and R = 762 W. Lowering the resistance below this value will result in a rapid increase in fault current from 5 to 10 Amperes, while doubling it will increase the transient overvoltages from 2 to 2.5 per unit. The grounding resistor will not limit overvoltages due to singleline-to-ground faults. The equipment insulation level must continue to be line to line as in ungrounded systems. The grounding resistor will limit system overvoltages due to ferroresonance as long as the grounding resistance is less than or equal to X C . [4] In sizing high resistance grounding systems, resistances in the range of 0.5 to 1.0 times the system charging reactance are acceptable. 
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Methods of determining charging current
Calculation from system parameters. It is recommended that charging current measurements be performed on one or more banks in order to verify calculated results. The charging current is normally calculated by summing the capacitances to ground (µF/phase) of all connected equipment. Any power factor correction capacitors should be connected phase-tophase. The total length of cables and their capacitance to ground per phase per unit length must be known. Measurement by staged faults. In low-voltage systems, measurement of ground fault current on an intentionally grounded phase is feasible. [3] This method has also been used on medium voltage systems, but lack of a solid ground to measure to may cause inaccuracy in the results. Measurement using window CT. If a zero-sequence "window" CTs is installed on a circuit, charging current can be measured directly. A new method for charging current measurement. Charging current can be measured during grounding bank installation. When the grounding bank is being installed, connect the three secondary windings in delta, without the resistor (Fig. 11) and measure the delta current. In the absence of a fault, this should be close to zero. Apply three times rated secondary voltage to the broken delta and measure the current. The charging current I C will be the measured delta current I 0S divided by the ratio of the distribution transformer, DTR:
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With a resistor in the broken delta (Fig. 12) , the resistance and capacitance are in parallel across the voltage source. The magnitude of the measured current is increased due to the added resistance: Break the delta and install the resistor. Adjust the taps on the resistor until the current is at its closest to 1.414 times the current previously measured. Remove the voltage source.
CONCLUSIONS
The application of high-resistance grounding banks to ungrounded three-phase distribution systems has been shown to be useful in decreasing transient overvoltages due to multiple restrikes and ferroresonance. Simulation and research results show that a resistance in the range of 0.5 to 1.0 times the zero sequence capacitive reactance will be most effective in reducing these overvoltages. It is difficult to measure zero-sequence charging currents in an ungrounded system due to the lack of a ground to measure against. A new method was proposed for measuring charging currents and tuning high-resistance grounding banks. This method only requires the use of an ac voltage source and an ammeter.
